Abstract-In the present study, experiments were performed to investigate how representative cellulosic breakdown products, when serving as growth substrates under aerobic conditions, affect hexavalent uranyl cation (UO 2þ
INTRODUCTION
Uranium (U) is a widely distributed subsurface contaminant at several Department of Energy (DOE) sites [1] , and across the globe [2] . At sites where molecular oxygen is present, most U in the aqueous phase will be in the form of the hexavalent uranyl cation (UO 2þ 2 ). Low-level waste (LLW) sites, including the Idaho National Laboratory (Idaho Falls, ID, USA) [3] and the Drigg site (Cumbria, NW England, UK) [4] , are among Ucontaminated sites housing buried contaminated cellulosic material, such as paper towels, cardboard, and lab coats. These materials, and specifically their breakdown products, can potentially contribute to both UO 2þ 2 immobilization and mobilization. For example, these breakdown products include short-chain fatty acids that can potentially enhance UO 2þ 2 mobility through chelation [5] [6] [7] . Mechanisms of UO 2þ 2 immobilization include UO 2þ 2 accumulation within biomass metabolizing the cellulose and cellulosic breakdown products [8] [9] [10] . In its reduced valence state (U(IV)), uranium can readily precipitate as UO 2 , which exhibits limited mobility and toxicity [11, 12] . The ability of iron-and sulfate-reducing bacteria to couple oxidation of organic substrates to U(VI) reduction under anaerobic conditions plays a prominent role in many uranium bioremediation schemes [13] . However, many LLW sites are aerobic, including the INL and Drigg sites [3, 4] , and, therefore, UO 2þ 2 reduction, an anaerobic process, is not expected to play a large role in decreasing uranium mobility in these systems.
Bacterial bioaccumulation, which could potentially contribute to UO 2þ 2 immobilization, has been studied extensively in laboratory settings as a means of immobilizing toxic metals, including Cd, Pb, Cu, Zn, and UO 2þ 2 [14] . A considerable amount of research has investigated this phenomenon as a potential component of bioremediation schemes in aerobic systems [15] [16] [17] . Among the factors that have been shown to influence bioaccumulation are the conditions under which the bacteria are grown, including choice of buffer and carbon source [18, 19] .
Understanding the impact such growth conditions have on UO 2þ 2 bacterial bioaccumulation processes in LLW sites is important, given the range of carbon and energy sources made available during cellulosic breakdown [20] . In addition, understanding how these conditions affect UO 2þ 2 toxicity is equally important because bioaccumulation will affect UO significantly only if native bacteria are able to reach appreciable numbers in the U-contaminated system. While specific mechanisms of UO 2þ 2 toxicity to bacteria are yet to be described, UO 2þ 2 is known to inhibit bacterial growth generally through oxidative stress [21] . The purpose of this study was to investigate how model cellulose breakdown products, including butyrate, dextrose, ethanol, and lactate, when used as primary carbon and energy sources, affect UO 2þ 2 bioaccumulation and toxicity in a Pseudomonas sp. isolate (hereafter referred to as isolate A) cultured from the Cold Test Pit South (CTPS) at the INL. Previous studies have concluded that UO 2þ 2 toxicity and bioaccumulation potential is strongly influenced by complexation and speciation of the UO 2þ 2 [22, 23] , and, therefore, when possible, differences in toxicity and bioaccumulation patterns were associated with changes in UO 2þ 2 speciation.
MATERIALS AND METHODS

Media composition and growth conditions
Isolate A, the only Pseudomonas sp. collected, was isolated from the CTPS at the INL by repeated re-streaking of an aerobic liquid enrichment on agar methylcellulose (0.1%) plates. Cells were grown from frozen (À808C) glycerol stocks (20% v/v) at 208 AE 0.58C in chemically defined liquid media (pH ¼ 7.0) consisting of simulated INL groundwater [24] containing the following (per L): 1.0 mg KCl, 12.7 mg Na 2 SO 4 , 3.5 mg CaO, 1.1 mg MgSO 4 , 0.825 g NH 4 Cl, 0.261 g K 2 HPO 4 , amended with 5 ml of Wolfe's vitamin solution [25] , and 1 ml SL-4 trace elements solution [25] . Unamended medium was sterilized by autoclaving at 1218C for 25 min, and the vitamin and trace-metal solutions were filter sterilized (0.2 mm). Because cellulose breakdown can release a variety of organic molecules which can potentially serve as carbon and electron sources for native bacteria [20] , representative carbon substrates were chosen from four general categories: butyrate as a model carboxylate, ethanol as an alcohol, dextrose as a sugar, and lactate, a fatty acid commonly used in studies involving UO 2þ 2 -microbe interactions. Carbon sources were added to a concentration of 15 mM carbon. Carbon dioxide (CO 2 ) is the ultimate cellulosic breakdown product, which in contaminated systems would exist in equilibrium with several bicarbonate species in the aqueous phase. While the presence of bicarbonates is expected regardless of metabolic activity, due to equilibrium between the aqueous phase and atmospheric CO 2 , the CO 2 generated by the activity of the native bacteria could potentially lead to an excess of bicarbonate species in the system. The influence of excess bicarbonate was therefore investigated by repeating each growth experiment with 10 mM NaHCO 3 added to the media, making eight possible growth conditions. Media with added NaHCO 3 is referred to as high-bicarbonate media, and media in equilibrium with atmospheric CO 2 as low-bicarbonate media. Media pH maintained at pH ¼ 7.0 and was buffered with 10 mM piperazine-N,N 0 -bis(2-ethanesulfonic acid) (PIPES).
U bioaccumulation experiments
The ability of isolate A to accumulate UO 2þ 2 was measured in each of the medium combinations described above. Cells were grown, harvested by centrifugation (6,000 g for 20 min), washed three times in fresh media, then added to Teflon screw-cap vials to give a concentration of 80 AE 5 mg Á protein/L (measured using the Bradford assay [26] The sensitivity of isolate A to UO 2þ 2 under each of eight growth conditions was investigated. Cells were grown in the same medium to be tested and allowed to reach late exponential growth phase. Cells were washed (three cycles of centrifugation at 6,000 g for 20 min) and suspended in 50 ml of fresh medium. Growth in high-bicarbonate media took place in 125-ml serum bottles sealed with butyl stoppers and crimped with aluminum seals. Growth in low-bicarbonate media took place in 250-ml baffled shaker flasks. UO 2þ 2 concentrations (as uranyl chloride, UO 2 Cl 2 , International Bio-Analytical Industries) ranged from 0 to 250 mM. Cultures were shaken at 100 rpm at 208 AE 0.58C. Liquid samples were periodically removed to measure protein concentrations using the Bradford assay [26] . UO 
where m i is the first order growth rate in the presence of UO 2 ] crit and n values were calculated according to Levenspiel [28] . The calculated [UO 2þ 2 ] crit values were confirmed empirically (data not shown). Experiments were performed in triplicate. Cell-free and carbonfree controls were performed in parallel.
U speciation modeling
Uranium speciation in substrate-free media was determined using Visual MINTEQ, ver. 2.52. The partial pressure of atmospheric CO 2 was incorporated into the model and was assumed to stay constant at 38.5 Pa. Due to a lack of published thermodynamic data, PIPES buffer was not included in the modeling. Incorporation of the four substrates was also excluded, again due to a lack of published thermodynamic data for all substrates. Thermodynamic data were available for butyrate and lactate, but these substrates were not predicted to alter UO 2þ 2 speciation significantly (data not shown).
Statistical analysis
All reported values represent the mean of triplicate experiments, and error bars correspond to 95% confidence intervals. Single factor ANOVA was performed on the calculated parameters. Results were determined to be significantly different if p < 0.05.
RESULTS AND DISCUSSION
UO 2þ
2 toxicity and modeling results Figure 1 shows the growth curves of isolate A on each of the four substrates over a range of [UO 2 ] crit value of 1.0 AE 0.22 mM. The impact of the toxic power can be seen when the IC50 values are compared between the four substrates ( Table 1) . As n approaches zero, the inhibition curve becomes more sharply concave downward and the IC50 approaches UO 2þ 2 crit . As n approaches 1, the inhibition curve becomes more linear, and IC50 approaches ½ UO 2þ 2 crit . For n > 1, which is the case for the ethanol system, the corresponding inhibition curve becomes concave upward as IC50 approaches zero. For this reason, the IC50 values did vary significantly between all four substrates. Cells grown on butyrate had the highest IC50 (138 AE 8 mM) followed by dextrose (103 AE 3 mM), lactate (91 AE 6 mM) and ethanol (0.19 AE 0.04 mM) (Table 1) . Butyrate, In high-bicarbonate media, isolate A was equally sensitive to UO 2þ 2 regardless of substrate, including ethanol (Fig. 3) . A single n and UO 2þ 2 crit value was sufficient to characterize all the data collected under these conditions with 95% confidence ( , accounting for 84% of the total component concentration, followed by UO 2 PO À 4 (10% of total component concentration), and UO 2 HPO 4 (2.5% of total component concentration). However, 2.5% of the total component concentration was predicted to be present as uranyl-hydroxide complexes, which were not present in the high-bicarbonate system. Consistent with previous studies, isolate A appears less sensitive to aqueous UO 2þ 2 tightly bound to bicarbonate and phosphate complexes than to UO 2þ 2 present as less stable hydroxide complexes. Even though a relatively small amount of the UO 2þ 2 present was weakly bound by hydroxides, the difference in associated bioavailability appears to cause the overall UO 2þ 2 toxicity to be significantly enhanced, particularly to the cells growing on ethanol. Parallel experiments were performed to investigate the influence carbon source and added bicarbonate has on UO 2þ 2 bioaccumulation (Fig. 4) . Previous studies have demonstrated the ability of Pseudomonas spp. to rapidly accumulate Table 1. UO   2þ 2 was found to be so toxic to isolate A when grown on ethanol that these modeling results had to be graphed separately. The dashed vertical line in graph (b) corresponds to the U.S. EPA drinking water limit for U. 2 ] that completely inhibits growth. The exponent, n, is referred to as the toxic power. Analysis of variance was carried out on all calculated n values for both the low and high carbonate systems. Between the different substrates, the n values associated with the limited carbonate systems were found to be significantly different (a < 0.05). Using the same a value, all n values associated with the high carbonate systems were not significantly different, and thus the average of all n values are reported. IC50 ¼ half maximal inhibitory concentration. 2 , which is consistent with a previous study which used granular biomass for UO 2þ 2 removal from aqueous systems [9] . Bioaccumulation of UO 2þ 2 by isolate A in the highbicarbonate system was significantly affected by carbon source as well (Fig. 4) . Among the metabolizing cells, those in the dextrose medium accumulated the most UO The limited ability of isolate A to accumulate UO 2þ 2 in highbicarbonate media can be explained using speciation modeling results obtained by MINTEQ (ver. 2.52) ( Table 2) . In both systems, MINTEQ predicted that UO 2þ 2 aqueous equilibrium speciation would be dominated by neutrally or negatively charged bicarbonate and phosphate complexes. As described earlier, in low-bicarbonate media, MINTEQ predicted that UO 2þ 2 aqueous equilibrium speciation would include uranyl-hydroxide complexes, absent in high-bicarbonate media. These complexes included neutral species (UO 2 (OH) 2 ), negatively charged species (UO 2 (OH) (Table 2 ). While only predicted to be a small percentage of the total UO 2þ 2 in the system at equilibrium (2.25%), the presence of these positively charged species could explain the increased potential for bioaccumulation when the negative zeta potential of Pseudomonas spp. isolates is taken into consideration [34, 35] . Positively charged UO 2þ 2 complexes will be electrostatically attracted to the surface of the cells. This is in contrast to the high-bicarbonate media, in which none of the UO 2þ 2 is predicted to be present as a positive complex and therefore not electrostatically attracted to the cells. Table 1 . Because the kinetic parameters did not differ significantly in the carbonate buffered systems ( p < 0.05) only one model fit was needed to summarize the results. In addition, electrostatic considerations can explain the relatively minimal accumulation observed for heat-killed and carbon-limited cells. Recent experiments with Pseudomonas aeruginosa (ATCC 10145) showed that starved and dead cells had more negative zeta potentials compared with metabolically active cells [34] . This difference may partially explain why starved and killed cells would accumulate less positively charged species. Similar reasoning explains why starved and heat-killed cells accumulated relatively more UO 2þ 2 in the presence of high bicarbonate compared UO 2þ 2 accumulated in the absence of added bicarbonate (Fig. 4) tolerance. However, this trend was not conserved across substrates within either the high-or low-bicarbonate systems. If a strong correlation between accumulation and toxicity existed, it would be expected that conditions that lead to more UO 2þ 2 accumulation would also lead to proportionately greater UO 2þ 2 toxicity. However, in low-bicarbonate media, cells metabolizing ethanol accumulated only 24% less UO 2þ 2 than cells metabolizing dextrose, but the IC 50 of cells growing on ethanol was only 0.2% that of cells growing on dextrose. In high-bicarbonate media, bioaccumulation depended on the carbon sources tested, but toxicity did not, indicating that UO 2þ 2 accumulation in the presence of 10 mM bicarbonate has a negligible effect on toxicity. While adding bicarbonate reduced both bioaccumulation and toxicity, it did not do so proportionately (the fivefold decrease in accumulation led to a less than twofold reduction in UO toxicity and bioaccumulation patterns could largely be explained through MINTEQ speciation modeling results, the final relationship between UO 2þ 2 toxicity and bioaccumulation remains unclear and is the subject of ongoing research.
